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I .  INTRODUCTION 
.Y= 

I n  order to understand the formation of single-crystal films one has 
c 

to find out why crystals prefer specific mutual orientations. 

Weber suggested a reason for this more than forty years ago. They pointed 

Volmer and 
1 

out that the energy of the interface between two 

specific mutual orientations. When a crystal is 

another crystal the work of formation of the nuc 
a 
nucleus has an orientation with minimum interfac 

crystals has minima for 

formed on the surface of 

eus is smallest when the 

a1 energy, and, therefore, 

t h e  nucleation probability for crystals with such an orientation is highest. 

The only attempt2 to apply Volmer and \.leberls' idea quantitatively to the 

---_I_ orientation pro'jlem was only partial :y successful. 

this attempt wa; based on an analysis of the influence of the interfacial 

energy on size lnd shape of a crystal3 and on a generalization from the 

homogeneous cas9 to the heterogeneous case' of the derivation of the nucle- 

The theoretical part of 

4 ation probability as given by Zeldovich (see Frenkel ) .  The experimental 

system chosen contained crystals with several spec'ific orientations ( i )  so 

that not only trieir number (N.) but also their' size (Si) and shape (si) 
could be compared with theory. The comparison of theory and experiment 

i 

* 

showed that only part of the qualitative predictions of the theory agreed . 
k&tP experiment, and that quantitative agreement was poor. In retrospect 



t 

t h i s  i s  n o t  t o o  s u r p r i s i n g :  

(Fi = N i ,  g i ,  si;  t = d e p o s i t i o n  t ime)  were taken; e x t r a p o l a t i o n  t o  t -+ 0 

had t o  be done from r e l a t i v e l y  t h i c k  f i l m s  and the vacuum and c r y s t a l  

on l y  t h r e e  p o i n t s  on the F i ( t )  curves 

q u a l i t y  was poor. Work d u r i n g  the past  t en  years i n  many l a b o r a t o r i e s  

has shown (a) t h a t  secondary processes such as coalescence can have consid- 

e r a b l e  i n f l uence  on F . ( t )  so tha t  a comparison between an e x t r a p o l a t i o n  F i ( t )  

to  t + 0 w i t h  n u c l e a t i o n  theory may not  be meaningful (see e.g., r e f .  5 ) ,  

and (b) t h a t  severa l  parameters have considerable i n f l u e n c e  on the  c r y s t a l  

o r i e n t a t i o n  b u t  a r e  no t  e x p l i c i t l y  inc luded i n  the theory.  The most s i g -  

n i f i c a n t  o f  these parameters a r e  i m p u r i t i e s .  

i n v e s t i g a t i o n s  o f  the i n f l u e n c e  o f  i m p u r i t i e s  on e p i t a x y ,  i.e., on the 

o r i e n t a t i o n  o f  c r y s t a l s  grown on t h e  sur face o f  another c r y s t a l .  

I 

This  paper i s  concerned w i t h  

The sys- 

,terns t o  be discussed a r e  f .c.c.  metals on a l k a l i  h a l i d e s  (mainly Au on NaCl). 

The f o l l o w i n g  no ta t i ons  w i l l  be used t o  descr ibe the observed o r i e n t a -  

t i o n s  i n  the  deposi ted f i l m  I'D" on the subs t ra te  "S". 

1 .  (100) stands f o r  t he  p a r a l l e l  e p i t a x i a l  growth: 11 (loo),, 

[010ID 11 [ o10 Is *  

2. ( 1 1 1 )  stands f o r  (ill),, 1 1  ( loo) , ,  [ O l i ] ,  [ I  [ O l i ] , ,  [ O i l ] , ,  [ O l l ] , ,  

[oii],, [ooi],, [ooi],, [o~o],, o r  [o io~, .  

3 .  TEM stands f o r  t ransmiss ion e l e c t r o n  microscopy. 

4. TED stands f o r  t ransmiss ion e l e c t r o n  d i f f r a c t i o n .  

I n  the  i n t e r e s t  o f  b r e v i t y  on l y  the major o r i e n t a t i o n s  a r e  mentioned. 

F o r  a d e t a i l e d  l i s t i n g  see r e f .  6. F i l m s  w i l l  be r e f e r r e d  t o  as ' ' t h i n "  

wher: t h e  i n d i v i d u a l  c r y s t a l s  ( p a r t i c l e s )  a re  w e l l  separated and i t  I s  he- 

l i e v e d  t h a t  coalescence has n o t  played a major r o l e  i n  t h e i r  format ion.  

These f i l m s  a r e  normal ly  less than 5 8 average f i l m  th ickness.  "Thick" 
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f i l m s  a r e  f i l m s  i n  which major coalescence has a l ready  occurred. 

be d iscont inuous o r  continuous. 

They may 

I I. EXPERI MENTAL. 

Two separate systems a re  being used. i n  t h i s  l a b o r a t o r y  t o  study the  

growth o f  f.c.c. metals on a l k a l i  ha l i des .  Both a r e  a l l  s t a i n l e s s  s t e e l ,  

ion-pumped, and have base pressures i n  the tor r  range. One system i s  

a high energy r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  camera (UHV-RHEED) which 

a l l o w s  -- i n  s i t u  obse rva t i on  o f  the f i l m  c ~ r o w t h . ~ ’ ~  The o t h e r  i s  a l a r g e  

volume evaporat ion chamber and has a specimen ho lde r  arrangement enab l i ng  

s imultaneous d e p o s i t i o n  on th ree  subst rates.  Vacuum cleavage i s  p o s s i b l e  

i n  b o t h  systems. A Sloan quar t z  c r y s t a l  r a t e  mon i to r  was used d u r i n g  depo- 

s i t i o n s  i n  the evaporat ion chamber and was placed i n  the specimen p o s i t i o n  

o f  the UHV-RHEED system f o r  c a l i b r a t i o n .  Au o f  93.9999% quoted p u r i t y  and 
P 

o p t i c a l  grade Harshaw NaCl was used except where noted. The f i l m s  prepared 

i n  these systems were backed w i t h  carbon a f t e r  removal. Standard techniques 

were used to  prepare specimens f o r  e l e c t r o n  microscopy. 

I I I. BULK IMPURITIES 

When t h e  b u l k  o f  a c r y s t a l  contains i m p u r i t i e s ,  they w i l l  g e n e r a l l y  

also be present  on i t s  surface. For example, the Ca, Fe, and S i  i m p u r i t i e s  

i n  MgO c r y s t a l s  have been suggested as the cause f o r  t h e  obse rva t i on  o f  

Robins and Rhodin t h a t  Au c r y s t a l s  form on MgO cleavage planes o n l y  a t  
8 

d e f e c  t i .  

p a r t i c l e s  

s u b s t r a t e  

They noted tha t  w i th  increas ing d e p o s i t i o n  t ime the number o f  

approached one and the same constant  va lue N independent o f  

temperature ( f rom 209’ t o  381°C) and t h a t  Nmax was o f  t he  same 

max 
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o r d e r  t o  magnitude as the  Fe and S i  su r face  dens i t y  expected from the  b u l k  

concen t ra t i on .  Th is  suggests tha t  n u c l e a t i o n  occurred o n l y  a t  i m p u r i t i e s .  

The ques t i on  a r i s e s :  what i s  the i n f l uence  o f  these i m p u r i t i e s  on t h e  

p a r t i c l e  o r i e n t a t i o n ?  To answer t h i s  ques t ion  one has to  compare the  o r i -  

e n t a t i o n  o f  f i l m s  grown on surfaces o f  doped c r y s t a l s  w i t h  those on undoped 

c r y s t a l s .  

doped NaClA (.2 mole percent  CaC12). 

e n t a t i o n  o f  f i l m s  on vacuum-cleaved sur faces o f  doped c r y s t a l s  i s  s i m i l a r  

to t h a t  on undoped c r y s t a l s .  

d i f f e r e n c e  i s  observed between doped and undoped c r y s t a l s .  On t h e  doped 

c r y s t a l  t he  ( 1 1 1 )  i s  dominant, on the  undoped the  (100). F igure  1 shows 

a comparison o f  t h i n  f i l m s  on a i r -c leaved sur faces o f  doped and undoped 

We have done t h i s  by s tudy ing  the  growth o f  Au on c lean  and Ca- 

The r e s u l t s  a re  as f o l  lows: The o r i -  

On the  a i r - c leaved  sur faces,  however, a major 

specimens. A t h i c k  f i l m  deposi ted on a doped specimen i s  predominant ly  

( 1 1 1 )  on bo th  a i r -  and vacuum-cleaved surfaces. 

h a v i o r  of UHV-cleaved sur faces thus show t h a t  Ca a lone has l i t t l e  i n f l uence  

on t h e  p a r t i c l e  o r i e n t a t i o n ,  b u t  t h a t  the  i n t e r a c t i o n  o f  a Ca-doped sur face  

w i t h  atmosphere d r a s t i c a l l y  changes t h e  p a r t i c l e  o r i e n t a t i o n .  T h i s  i s  not  

s u r p r i s i n g  f o r  CaC12 i s  h i g h l y  hygroscopic so t h a t  a much s t ronger  i n t e r -  

a c t i o n  between water  vapor and a Ca-doped sur face  than w i t h  an undoped sur -  

f a c e  i s  t o  be expected. Th is  d i f f e r e n c e  i n  sur face  c o n d i t i o n  i s  a l s o  re-  

f l e c t e d  i n  t h e  p a r t i c l e  d e n s i t y  and d i s t r i b u t i o n  on a i r - c leaved  sur faces 

Observat ions o f  t he  be- 

(see F ig .  l b ,  d ) .  On the  vacuum-cleaved sur faces p a r t i c l e  d e n s i t y  and 

d i s t r i b u t i o n  a r e  very s i m i l a r  both on doped and undoped sur faces.  

Me conclude t h a t  . 2% Ca doping i n  NaC l  pe r  se has l i t t l e  i n f l u e n c e  on 

p a r t i c l e  o r i e n t a t i o n ,  dens i t y ,  and d i s t r i b u t i o n  under our  exper imenta l  con- 

d i t i o n s  bu t  t h a t  t he  dopant s t rong ly  in f luences  the f i l m  growth on a i r - c leaved  

su r faces  i n d i r e c t l y  by mod i fy ing  the  i n t e r a c t i o n  between water  vapor and the  

c r y s t a l  sur face .  
4 



I V .  SURFACE IMPURITIES 

Impurities which do not exist in the bulk may be present on the surface 

if the surface is exposed to an environment in which a surface adsorption or 

reaction layer can be formed. Such a surface layer may have a profound inf 

ence on the film formation. Ino et al.’ discovered significant differences 

the or’ientation of some f.c.c. films deposited simultaneously on air- and 

U’ 

in 

vacuum-cleaved NaCl surfaces. They attributed these differences to the for..la- 

tion of an impurity layer on the air-cleaved surface. The nature of this 

impurity layer is still a matter of controversy. The models proposed include 

water multilayers, a carbonate layer,” and a hydrate-like surface’layer. 

We accept here the last model with the following modifications: 

face layer may contain some CO, and CO, and (2) hydrolysis may have occurred 

in the hydrate-like layer at the deposition temperature so that the surface 

layer contains OH ions. The first model, which predicts layer by layer de- 

sorption upon heating in vacuum is not supported by our recent experimental 

10 12,13 

( 1 )  the sur- 

14 results. 

The surface 1 

heat treatment at 

heating on crystal 

work 7’’6 has verif 

by cleaving in air 

yer can, however, be removed by sufficiently long vacuum 

sufficiently high temperatures. This influence of pre- 

orientation was noted 30 years ago by Shi rai. l 5  Recent 

ed the preheating effect. If the surface layer formed 

is not removed before deposition of the f.c.c. metal film, 

the orientations of continuous films differ drastically from those on vacuum- 

cleaved surfaces. 

at lower temperatures on vacuum-cleaved surfaces than on air-cleaved NaCl 

Ino et al.’ found that at 5-9010’~ torr epitaxy occurred 

surfaces. AS we will see later, this effect is mainly due to the high 
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res idua l  gas pressure.  

i n  a baked vacuum system, Ino  e t  al.' found no d i f f e r e n c e  i n  the  o r i e n t a -  

t i on  o f  cont inuous Au, Ag, and Cu f i l m s  on a i r -  and vacuum-cleaved sur faces.  

La te r  exper iments 

c leaved surfaces, however, revealed impor tant  d i f f e r e n c e s  between a i r -  and 

vacuum-cleaved sur faces a l s o  a t  low res idua l  gas pressures.  The d i f f e r e n c e  

was j u s t  oppos i te  t o  t h a t  found a t  h i g h  res idua l  gas pressures,  i .e.,  no 
ep i taxy  on t h e  vacuum-cleaved surface, good ep i taxy  on t h e  a i r - c leaved  

surface. 

exp la ined by t h e  severe bake-out of h i s  vacuum system, which ve ry  l i k e l y  

removed t h e  su r face  l a y e r  on t h e  a i r - c leaved  sur face.  

. Two mechanisms have been proposed t o  e x p l a i n  t h e  o r i e n t a t i o n  d i f f e r -  

ence between coalesced f i  lms on  a i r -  and vacuum-cleaved sur faces i n  U t i V .  

A t  low res idua l  gas pressure ( 2 0 1 0 - ~  - 5 0 1 0 ' ~  t o r r )  

- 

o f  simultaneous depos i t ions  on a i r -  and vacuum- 6,7,17 

The d iscrepancy between I n o ' s  and the  l a t e r  r e s u l t s  can be e a s i l y  

Both a r e  based on t h e  observa t ion  t h a t  t h e  surface c o n d i t i o n  has no d r a s t i c  

influence on the i n i t i a l  o r i e n t a t i o n  of very t h i n  The f i r s t  

mechanism, suggested by Matthews,18 assumes t h a t  the  growth r a t e  o f  (1 1 1 )  

c r y s t a l s  i s  much l a r g e r  than t h a t  of (100) c r y s t a l s .  Then i f  a very t h i n  

f i l m  conta ins  bo th  ( 1 1 1 )  and (100) p a r t i c l e s ,  and i f  t h e  p a r t i c l e s  a r e  

f a r  a p a r t  i n i t i a l l y ,  t h e  ( 1 1 1 )  p a r t i c l e s  w i l l  become' increas ing ly  l a r g e r  

than the (100) p a r t i c l e s  w i t h  increas ing f i l m  th ickness.  When coalescence 

occurs the  sma l le r  (100) p a r t i c l e s  r e c r y s t a l l i z e  by d i f f u s i o n  or a re  con- 

v e r t e d  in to  tw ins  o f  t h e  l a r g e  (111) p a r t i c l e s .  The r e s u l t  i s  a predomi- 

n a n t l y  (111) f i l m .  I f  t h e  i n i t i a l  p a r t i c l e  dens i t y  i s  h igh,  the  (111) 

p a r t i c l e s  a r e  iiot l a r g e r  than the (100) p a r t i c l e s  i.iheii coalescence occurs.  

Matthews' mechanism s t a t e s  t h a t  i n  t h i s  case the  (100) w i l l  p r e v a i l .  We 

have suggested another r n e ~ h a n i s m ' ~  which a t t r i b u t e s  the  d i f f e r e n c e  between 
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o f  the  (100) su r face  and i n t e r f a c i a l  

w i l l  tend towards a (100). I n  apply 

on NaCl i t  i s  assumed t h a t  the a i r - c  

f i lms on a i r -  and vacuum7cleaved sur faces t o  a d i f f e r e n c e  i n  t h e  coalescence 

process. I t  assumes t h a t  upon coalescence the r e s u l t i n g  p a r t i c l e  assumes a 

c o n f i g u r a t i o n  o f  lowest f r e e  sur face and i n t e r f a c i a l  f r e e  energy a t t a i n a b l e  

w i t h o u t  cons iderable d i f f u s i o n .  I f  t h e  su r face  f r e e  energy does n o t  change 

upon coalescence, and if the i n t e r a c t i o n  between p a r t i c l e  and s u b s t r a t e  i s  

weak (''poor we t t i ng " ) ,  the r e s u l t i n g  p a r t i c l e  w i l l  have a tendency t o  be 

bound by (1111 planes i n c l u d i n g  the con tac t  p lane w i t h  the  subs t ra te .  

t he  f i l m  tends towards a ( 1 1 1 ) .  I f ,  however, d u r i n g  coalescence r e a c t i o n  

between p a r t i c l e  and subs t ra te  can occur,  and i f  t h i s  leads t o  a lower ing 

energy, the average f i l m  o r i e n t a t i o n  

ng t h i s  mechanism t o  t h e  grorhh o f  Au 

eaved su r face - -con ta in ing  probably  NaOH 

i n  a d d i t i o n  t o  NaC1--can reac t  w i t h  Au d u r i n g  coalescence. These 

Thus 

and Na2C0 

i m p u r i t i e s  a r e  not present on the c lean  sur face and r e a c t i o n  w i t h  Au does 

n o t  occur.  The r e l a t i v e  m e r i t s  o f  these two models may be judged f rom the 

f o l l o w i n g  observat ions:  ( 1 )  Au f i l m s  deposi ted on vacuum-cleaved K C l  have 

i n i t i a l l y  t he  same small  p a r t i c l e  d e n s i t y  and the same o r i e n t a t i o n  as f i l m s  

deposi ted s imultaneously on vacuum-cleaved N a C l ,  bu t  develop w i t h  i nc reas ing  

(2 )  Thick Ag f i l m s  on both vacuum- fi l m  th ickness p e r f e c t  ep i taxy .  

and a i r - c leaved  ( r e i .  humid i t y  < 50%) K C l  surfaces a r e  predominant ly ( 1 1 1 )  

a l t hough  the i n i t i a l  p a r t i c l e  dens i t y  on the  a i r - c l e a v e d  su r face  i s  much 

3 

6,20,21 

s t  o f  t he  "(111) p a r t i c l e s ' '  

assumed i n  

s ,  b u t  a r e  mul- 

h i g h e r  than on the vacuum-cleaved surface.6 ( 3 )  1.1 

i n  Au f i l m s  on vacuum-cleaved NaCl do no t  have the 

Matthews' argument f o r  the h igher  growth r a t e  o f  ( 

t i p l e  twinned p a r t i c l e s .  22,23 

f l a t  shape 

11) c r y s t a  
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Observations ( 1 )  and (2 )  are  incompat ib le  w i t h  t he  Matthew’s mechanism, 

and observat ion (3 )  e l i m i n a t e s  i t s  bas is .  Our mechanism, however, i s  com- 

p a t i b l e  w i t h  a l l  t h ree  observat ions i f  the f o l l o w i n g  assumptions a r e  made: 

(a) Au can r e a c t  a t  the depos i t i on  temperature du r ing  coalescence w i t h  c lean  

K C l  bu t  no t  w i t h  c lean  fJaC1, (b) the r e a c t i o n  products reduce t h e  su r face  

and i n t e r f a c i a l  energy o f  t he  (100) plane, and (c) Ag does not  r e a c t  w i t h  

a i r -  o r  vacuum-cleaved KCI  under our exper imental  cond i t i ons .  With these 

assumptions and keeping i n  mind the magnitude o f  t h e  twin-boundary energy 

o f  t he  va r ious  m a t e r i a l s ,  t h e  change i n  f i l m  o r i e n t a t i o n  w i t h  i nc reas ing  

f i l m  th ickness bo th  on a i r -  and vacuum-cleaved surfaces can be accounted f o r .  

Th is  i s  discussed elsewhere” i n  more d e t a i l .  We want t o  p o i n t  ou t  t h a t  

t h i s  mechanism depends c r i t i c a l l y  on the na tu re  o f  the sur face s t r u c t u r e  

o f  the Au (100) su r face  which i s  s t i l l  a ma t te r  o f  cons iderable controversy.  

Some observers, i n c l u d i n g  us, 20’24’25 a t t r i b u t e  the  complex d i f f r a c t i o n  p a t -  

t e rns  observed from Au (100) surfaces t o  i m p u r i t y  e f f e c t s ,  w h i l e  o the rs  
26 ,%7 

a s c r i b e  them t o  the  c lean  surface. I n  o r d e r  t o  e x p l a i n  the observat ions 

mentioned above, we have t o  assume t h a t  t he  i m p u r i t y  i n  our  case i s  Na o r  I.: 

and t h a t  the “5x1” d i f f r a c t i o n  p a t t e r n  i s  due t o  double s c a t t e r i n g  between 

a very t h i n  Na (o r  K) d e f i c i e n t  sur face l a y e r  w i t h  NaAu s t r u c t u r e  and the  

(100) Au subst rate.  

2 
28 

The i n f l u e n c e  o f  t he  surface l a y e r  on the f i l m  o r i e n t a t i o n  i s  compl icated 

by the  f a c t  t h a t - - a t  l e a s t  i n  some systems-- i t  depends on the  degree t o  which 

t h e  su r face  was mod i f i ed  by t h e  a i r  exposure. Th is  has been demonstrated by 

Bethge and Krohn2’ who showed tha t  e p i t a x i a l  Ag f i l m s  could be grown on a i r -  

c leaved NaCl exposed t o  a humid i ty  g r e a t e r  than 75% b u t  no t  w i t h  exposure t o  

less than 60%, a r e s u l t  which we have conf i rmzd i n  u l t r a h i g h  vacuum. 

8 



In conclusion, the presence of an impurity layer as produced by H,O 

or air exposure on alkali halide surfaces seems to have little influence 

on the crystal orientation in very thin films. 

influence the coalescence process of certain 'materials. 

plained qualitatively by the influence of impurities on the surface and 

It can, however, strongly 

This can be ex- 

interfacial energy. 

information on the nature and structure of the surfaces of f.c.c. metals, 

especially the (100) surface, and their reactions with alkali compounds. 

A complete understanding must wait for more precise 

V.  RESIDUAL GAS IMPURITIES 

As indicated in the previous section, the residual gas in the evapora- 

t.ion system can have a strong influence on the growth of single crystal 

films. Table I lists typical relative peak heights in the residual gas 

mass spectra of all stainless steel ion-pumped systems in the baked and 

unbaked condition. Probably the most important feature for our considera- 

tions i s  that the water peak which accounts for the larger part of the 

residual gas in the unbaked system is entirely absent in the baked system. 

In view of Table I it is not surprising that major differences in the re- 

sults obtained in baked and unbaked systems have been reported. 9,30,31 

However, there are also large discrepancies between different authors 

working with unbaked systems, i.e., with systems containing mainly H,O 

vapor as residual gas. The lowering of the epitaxial temperature by vacuum 

cleaving as reported by Ino et al.,' who worked at a pressure of 4-9.10-5 torr, 

and by Jaunet and Sella,32 who report a pressure of 

firmed by Gillet et al.31 working at loe6 and lo'* torr. 

torr, was not con- 

Our own work in the 
' 

to lo-* torr range confirms Gillet et a1.'s3l findings. We find that the 
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(100) o r i e n t a t i o n  on t h e  vacuum-cleaved sur face i s  always weaker than on 

the a i r - c l e a v e d  surface. T h i s  i s  i l l u s t r a t e d  i n  F ig .  2 which shows the 

e a r l y  growth stages o f  Au deposited a t  %.5 A/sec o n t o  a i r -  and vacuum- 

cleaved NaCl a t  325°C i n  a vacuum o f  2*10'6 t o r r .  A t h i c k  f i l m  ob ta ined  un- 

der s i m i l a r  c o n d i t i o n s  i s  e p i t a x i a l  on the a i r - c l e a v e d  su r face  and predomi- 

n a n t l y  (11  1)  on the  vacuum-cleaved sur face.  These d iscrepancies on vacuum- 

cleaved NaCl sur faces rega rd ing  the i n f l u e n c e  o f  the r e s i d u a l  gas on the 

e p i t a x i a l  temperature are,  i n  our o p i n i o n ,  due t o  d i f f e r e n c e s  i n  r e s i d u a l  

gas pressure and composi t ion.  I f  we assume t h a t  the i n f l u e n c e  o f  t he  

r e s i d u a l  gas on the  f i l m  o r i e n t a t i o n  i s  determined by the r e l a t i v e  a r r i v a l  

r a t e  o f  "ac t i ve "  r e s i d u a l  gas atoms t o  metal atoms then a comparison between 

d i f f e r e n t  experiments a t  t h e  same temperature i s  p o s s i b l e  o n l y  f o r  t he  same 

gas composi t ion and the  same p/r r a t i o s .  Here ( r )  i s  t he  d e p o s i t i o n  r a t e  

and (p) i s  the p a r t i a l  pressure o f  t he  a c t i v e  res idua l  gas components, i .e. ,  

o f  those components which i n f l uence  the f i l m  o r i e n t a t i o n  (assumed t o  be 

H,O and CO,, so t h a t  p 2, p 

p = 4 - 9'10'5, so t h a t  a t  p = 4*10-6 t o r r ,  as used i n  our exper iment,  we 

have t o  use a r a t e  r < 4*10'2 i / sec .  

ment: Au deposi ted a t  r ?r .01 i / s e c  a t  p = 4*10'6 t o r r  formed (100) f i l m s  

on vacuum-cleaved NaCl a t  325°C. Conversely, i f  the  r a t e  is kept  constant  

t h e  pressure has t o  be increased t o  o b t a i n  comparable c o n d i t i o n s :  an increase 

o f  p to about 5 0 1 0 ' ~  t o r r  a t  r 2, .5 i / s e c  a l s o  produced a (100) Au f i l m  on 

vacuum-cleaved NaCl a t  325°C. These observat ions suggest a r e i n t e r p r e t a t i o n  

of the observat ions o f  Harsdor f f  and Raetherg3 who had exp la ined  the  i n f l u e n c e  

o f  the res idua l  gas on the o r i e n t a t i o n  o f  Ag f i l m s  on vacuum-cleaved NaCl i n  

terms o f  H a r s d o r f f ' s  m u l t i l a y e r  adso rp t i on  model. l0 

0 

).  I n o  e t  al. '  deposi ted a t  r 2, .2 - 1 i / s e c ,  
t o t a l  

Th is  i s  a c t u a l l y  i n d i c a t e d  by exper i -  

They f i n d  a s t rong  
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dependence o f  t h e  o r i e n t a t i o n  p e r f e c t i o n  ( a t  a g i ven  s u b s t r a t e  temperature T) 

upon (p )  and ( r ) .  Complete o r i e n t a t i o n  a t  T = 60°, f o r  example, i s  ob ta ined  

f o r  r % 2 i / s e c  a t  ~ o I O - ~  t o r r  and r % .2 i / s e c  a t  2 0 1 0 ' ~  t o r r ,  i .e. ,  a t  a 

p / r  % 1*10-4 tor r  sed;. 

decreases r a p i d l y .  The r e s u l t s  f o r  both Ag and Au on NaCl i n d i c a t e  t h a t  i n  

many vacuum systems (i .e., res idua l  gas composit ions) a p / r  1 1 

i s  necessary to o b t a i n  the maximum lower ing o f  the e p i t a x i a l  temperature on 

For lower values o f  p / r  the o r i e n t a t i o n  p e r f e c t i o n  

t o r r  sec/W 

a vacuum-cleaved sur face.  

I t  i s  n o t  c l e a r  a t  present  whether the res idua l  gas promotes e p i t a x y  by 

i n f l u e n c i n g  the  n u c l e a t i o n  o r  the coalescence process, a l though the  l a t t e r  

appears more l i k e l y .  The mechanism by which the gas i n f l uences  o r i e n t a t i o n  

i.s probably a d s o r p t i o n  on the growing c r y s t a l s  and no t  on the NaC1 sur face.  

This  can be deduced, a t  l e a s t  as f a r  as H20 molecules a re  concerned, f rom 

the  work o f  Bethge e t  a1 .12 and Hucher e t  a l .  l3 according t o  which o n l y  neg- 

l i g i b l e  H20 a d s o r p t i o n  on NaCl occurs a t  such low pressures. 

c o e f f i c i e n t  o f  t he  r e s i d u a l  gas must be very small  or o n l y  a smal l  f r a c t i o n  

o f  t he  r e s i d u a l  gas i s  a c t i v e  because a t  p / r  = 1 0 l O - ~  t o r r  sec/A about 100 

r e s i d u a l  gas molecules a r r i v e  f o r  each metal atom. The na tu re  o f  the a c t i v e  

gas i s  n o t  c e r t a i n ,  a l though H20 and C02 a r e  l i k e l y ,  and He, H2,33 d r y  N 

and O2 

in f luences the  f i l m  growth d i r e c t l y  r a t h e r  than i n d i r e c t l y  v i a  the  vapor 

source (see Sec. V I ) .  Obviously more work needs t o  be done t o  understand 

t h e  process invo lved.  

The s t i c k i n g  

2 
16 can be excluded. I t  i s  n o t  even c e r t a i n  t h a t  the r e s i d u a l  gas 

V I .  I M P U R I T I E S  FROM THE VAPOR SOURCE 

One o f  the  obvious sources o f  i m p u r i t i e s  i s  the vapor source i t s e l f .  

These i m p u r i t i e s  may come from (a)  the evaporat ing m a t e r i a l ,  (b) the b u l k  

1 1  



o f  the  evaporator ,  or  (c) they may be formed on t h e  evaporator sur face .  

Even the  pu res t  metals a v a i l a b l e  can con ta in  s i g n i f i c a n t  amounts o f  i n p u r i -  

t i e s .  For example, 99.9999% Au has been found t o  con ta in  50 p.p.m. Fe and 

S i ,  10 p.p.m. Ca, Mg, Na, and K, and sma l le r  amounts o f  many o t h e r  elements. 

The s i g n i f i c a n c e  o f  the  Na and K con ten t  w i l l  become c l e a r  below. The i m -  

p u r i t y  content  o f  the  r e f r a c t o r y  meta ls  which a re  i n  general  used i n  r e s i s t -  

34 

ance and e l e c t r o n  bombardment heated evapora t ion  sources i s  u s u a l l y  much 

h igher .  O f  p a r t i c u l a r  s i g n i f i c a n c e  i s  aga in  t h e  a l k a l i  content .  F i n a l l y ,  

t h e  i n t e r a c t i o n  o f  the res idua l  gas w i t h  t h e  h o t  evaporator  sur face  may pro-  

duce i m p u r i t i e s .  0,, H,O, and CO, o x i d i z e  r e f r a c t o r i e s  w i t h  low carbon conten t  

and lead t o  t h e  fo rmat ion  o f  oxides which a r e  v o l a t i l e  a t  t h e  temperatures used 

fo r  t h e  evapora t ion  o f  many mater ia ls .  

be o f  importance i n  t h e  res idua l  gas i n f l uence  on e p i t a x y  as discussed i n  

The format ion o f  v o l a t i l e  ox ides  may 

Sec. V; however, no work has been done on t h i s  problem. 

The major  e f f e c t  o f  impur i t i es  from t h e  vapor source on t h e  growth of  

s i n g l e  c r y s t a l  f i l m s  observed t o  da te  i s  n o t  due t o  n e u t r a l  atoms or  mole- 

cu les ,  b u t  i s  caused by ions. Mihama and Tanska3’ have repor ted  a consider-  

a b l e  improvement i n  f i l m  o r i e n t a t i o n  by p l a c i n g  a screen a t  a h i g h  negat ive  

p o t e n t i a l  ( < -1.5 kV) i n  the path o f  the  vapor beam. They observed a low- 

e r i n g  o f  t h e  e p i t a x i a l  temperature f rom Ino’s e t  a1.’ 400°C t o  300°C on an 

a i r - c l e a v e d  sur face  a t  p % t o r r  and r % . 2  i / s e c .  They concluded t h a t  

both p o s i t i v e  ions and an e l e c t r i c  f i e l d  on the  c r y s t a l  su r face  a r e  necessary 

f o r  t h e  e f f e c t  t o  occur.  

We have extended Mihama and Tanaka‘s3’ measurements and conf  i rnied t h e i r  

obse rva t i on  (see F ig .  3). Au was evaporated s imul taneously  o n t o  a specimen 

w i t h o u t  a screen and on to  one with a 100-mesh W screen i n  t h e  vapor path.  

12 



The screen was mainta ined a t  var ious p o t e n t i a l s  ( V  ) and loca ted  2 cm f rom 

the  specimen surface. Evaporations were performed bo th  i n  an unbaked 

S 

system (p = 2*10-5, 2 0 1 0 ' ~  t o r r )  and i n  a baked system (p = 4.10'9 t o r r )  

w i t h  r - . 1  i / s e c  on to  a i r -c leaved NaCl a t  T 'L 25OoC. 

(* 90 V ,  -1.5 kV) no i n f l uence  o f  t h e  screen was observed, b u t  a t  -2.5 kV 

' the  (100) became cons iderab ly  s t ronger .  S i m i l a r l y ,  predominant (100) was 

A t  low vo l tages  

ob ta ined w i thou t  a screen a t  h i g h  negat ive  p o t e n t i a l  when an e l e c t r o n  b o w  

bardment heated Mo Knudsen c e l l  a t  +1 kV was used as an evaporator  i n  p lace  

-- 

o f  t h e  grounded res i s tance  heated W source. Both r e s u l t s  can be a t t r i b u t e d  

t o  p o s i t i v e  i o n  bombardment o f  the NaCl  sur face  because many vapors o f  meta ls  

evaporated from res i s tance  heated r e f r a c t o r i e s  i n  the  t o r r  range i n  un- 

baked systems con ta in  as many as one p o s i t i v e  i o n  pe r  lo3  - lo4 n e u t r a l  

atoms. 36'37 These ions a re  accelerated and focused o n t o  t h e  subs t ra te  by 

dece le ra ted  between screen and specimen to  energ ies of t h e  

es t imated  from the  geometry. As  t h e  e f f e c t  i s  observed on 

the ions have an energy o f  a t  l e a s t  severa l  hundred eV, wh 

t h e  nega t i ve l y  charged screen. The i o n  cu r ren t  which passes the screen i s  

o rde r  V /10 as 

y f o r  V 5 -2.5kV, 

S 

5 

ch i s  cons iderab ly  

above t h e  s p u t t e r i n g  th resho ld .  I t  appears l i k e l y  t h a t  they i n f l uence  t h e  

f i l m  growth i n  a manner s i m i l a r  t o  e l e c t r o n  bombardment. 

The i o n  e f f e c t  discussed above i s  d i s t i n c t l y  d i f f e r e n t  f rom t h a t  ob- 

served by Chopra,36 i n  which the  a p p l i c a t i o n  o f  an e l e c t r i c  f i e l d  p a r a l l e l  

t o  the  a i r - c leaved  NaCl sur face  f a c i l i t a t e d  t h e  coalescence i n  e p i t a x i a l  

Ag f i l m s  and improved the  o r i e n t a t i o n  p e r f e c t i o n .  An exp lana t ion  f o r  t h e  

i n f l w n c e  o f  these very  l o w  energy ions is suggested by a comparison o f  

C h ~ p r a ' s ~ ~  c o n d u c t i v i t y  measurements w i t h  those o f  Kennedy e t  a l .  37 The 

l a t t e r  ob ta ined the reduc t i on  i n  res i s tance  a t  a g i ven  f i l m  th ickness 

13 



(earlier coalescence!) noted in Ag films on NaCl not only with (a) applica- 

tion of an electric field payallel to the surface, but also (b) by grounding 

the substrate, or (c) by deflecting the ion beam. Inasmuch as (a) and (b) 

remove the charge only, while (c) removes the whole ion, it appears that 

the earlier coalescence is due to the removal of positive charge from the 

growing film. This indicates that the charge associated with an ion tends 

to suppress early coalescence and reduce--in discontinuous films--the ori- 

entation perfection, while the surface damage associated with a sufficiently 

energetic ion improves the orientation perfection. 

-- - 

-- -- 
The ions definitely originate at the source, but can be produced there 

in a variety o f  ways. The positive ion emission from heated refractory 

metals and its enhancement by reactive residual gases has been known for 

but the currents are generally too low to be significant some time, 

here. A second mechanism is surface ionization of atoms or  molecules on 

the surface of the hot refractory metal (or o f  Au, see below). On most 

clean refractories only K, Rb, C s ,  and certain of their compounds are 

ionized efficiently, while on oxygen covered refractories several other 

species are well ionized. Preliminary experiments indicate that this surface 

ionization process can contribute significantly to the total ion current and 

that the neutral species originates from surfaces in the environment of the 

vapor source and heated by it. 

38-40 

The most significant source of ions is the evaporating material itself. 

An ionizable impurity content of 10 p.p.rn. produces an ion current (i,) to 

vapor flux (iA) ratio of  i+/i = provided that all impurity atoms are 

ionized at the surface and that the ion flux is proportional to the evapora- 

' 

" c 

tion rate. If all ions were focused onto the substrate.then with our 
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geometry--and a l s o  tlihama and Tanaka1s3'--an i+/i Q 3 0 1 0 - ~  could be 

obtained. 

r e s p e c t i v e l y ,  

Ei = 4.34 eV) can be i o n i z e d  e f f i c i e n t l y  unless i o n i z a t i o n  occurs on an 

o x i d i z e d  r e f r a c t o r y  sur face.  

Na (E. = 5.14 eV) a re  i on i zed  e f f i c i e n t l y .  

f rom h o t  Au has been demonstrated r e c e n t l y .  25 

a t y p i c a l  i o n  f l u x  o f  i Q 5.109 ion/cm2sec a t  the s u b s t r a t e  w i t h  a 

d e p o s i t i o n  r a t e  o f  . 1  A/sec (io I, 5.1013 atoms/cm2sec); t h i s  corresponds 

t o  i+/io Q 1*10'4. 

produced the observed o r i e n t a t i o n  e f f e c t  (-2.5 kV screen, -200 V su r face  

p o t e n t i a l ) .  Thus, . O l %  of K and Na ions i n  the vapor can have a major 

0 

A l ,  Cu, and Ag have work f unc t i ons  t$ o f  4.17, 4.51, and 4.30 eV, 

41 so t h a t  o f  the known common i m p u r i t i e s  o n l y  K ( i o n i z a t i o n  

However, f o r  Au (Q = 5 . ~ 2 ) ~ ~  both K and 

+ 
The emission o f  K and El=+ 

I .  

Our measurements i n d i c a t e  

+ 

These measurements were made under c o n d i t i o n s  t h a t  

4- + 

i n f l u e n c e  on the  f i l m  growth. 

I n  a d d i t i o n  t o  the charge and energy e f f e c t s  o f  a l k a l i  ions t h e i r  

chemical behavior  can a l s o  modify the f i l m  growth s i g n i f i c a n t l y  i f  a s u f f i -  

-- 
---- _-- 
c i e n t  number o f  them i s  present .  T h i s  i s  demcnstrated by the  f o l l o w i n g  

observat ions made w i t h  Au on NaCl ( p  = 4*10'8, r Q 0.5 A/sec, T = 300°C): 

( 1 )  Depos i t i on  of  Au onto a vacuum-cleaved sur face i n  the  presence o f  a 

low Na f l u x  r e s u l t s  i n  a (100) f i l m  under c o n d i t i o n s  which would lead t o  

( 1 1 1 )  i n  the absence o f  Na; (2) Simultaneous d e p o s i t i o n  o f  Au and tJa pro-  

duces a t h i n  e p i t a x i a l  NaAu, f i l m ;  (3 )  The c o n t r o v e r s i a l  "5x1" s u p e r s t r u c t u r e  

d i f f r a c t i o n  p a t t e r n  o f  the Au (100) plane develops c o i n c i d e n t  w i t h  the  depo- 

s i t i o n  o f  Na on a growing e p i t a x i a l  f i l m .  

We conclude t h a t  a l k a l i  i m p u r i t i e s  o r i g i n a t i n g  a t  the source can i n f l u -  

ence the f i l m  growth v i a  t h e i r  charge (when i o n i z e d ) ,  v i a  t h e i r  energy (when 

acce le ra ted )  and v i a  t h e i r  chemical r e a c t i v i t y  ( a t  s u f f i c i e n t l y  h i g h  f l u x ) .  
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V I  I .  ,INFLUENCE OF THE ELECTRON BEAM 

The f a c t  t h a t  e l e c t r o n  bombardment o f  an a l k a l i  h a l i d e  s u b s t r a t e  

i n f l uences  e p i t a x y  has been known for  some t ime. 5 '7 '42 '43  

phenomenon has been s tud ied  i n  more d e t a i l  by S t i r l a n d  and i n  p a r t i c u l a r  

by Palmberg e t  a1.45 who have extended the  i n v e s t i g a t i o n  t o  low tempera- 

tu res .  D r .  Rhodin w i l l  d iscuss t h e i r  r e s u l t s  i n  the  f o l l o w i n g  paper. We 

w i l l  l i m i t  ourselves,  therefore,  t o  our  own work a t  temperatures above 2OO0C, 

which was done i n  the  UHV-RHEED system a t  e l e c t r o n  energies between 10 and 

20 kV and c u r r e n t  d e n s i t i e s  o f  less than 1*10-6 i /cm2. 

b o t h  s h o r t l y  be fo re  and d u r i n g  deposi t ion.  

~ b s e r v e d : ~  

v a r y i n g  decomposit ion o r  by recondensation o f  m a t e r i a l  decomposed from the 

sur face;  (2) An increase i n  p a r t i c l e  d e n s i t y  i n  t h i n  f i l m s  and an increase 

o f  the  sur face coverage i n  t h i c k e r  f i l m s ;  (3 )  A change i n  c r y s t a l  o r i e n t a -  

t ion.  I n  a l l  cases e l e c t r o n  i r r a d i a t i o n  p r i o r  o r  d u r i n g  the  i n i t i a l  stages 

o f  d e p o s i t i o n  favored the  format ion o f  (100). Therefore,  the e f f e c t  i s  no t  

so obvious i n  f i l m s  which develop the  (100) w i t h o u t  i r r a d i a t i o n ,  e.g., Au 

on a i  r - c l  eaved NaC 1 , a i  r- and vacuum-cl eaved KC 1 . On vacuum-c leaved NaC 1 

t h e  beam area i n  a t h i c k  f i l m  i s  found t o  have p e r f e c t  (100) w i t h  "1/5 

s t reaks "  w h i l e  the u n i r r a d i a t e d  area has (111). The i r r a d i a t e d  area o f  a 

Ag f i l m  deposi ted a t  27OoC o n t o  K C l  shows ve ry  good (100) w h i l e  the r e s t  

o f  t h e  f i l m  i s  very p o o r l y  or iented.  S i m  l a r l y ,  f o r  A1 deposi ted on NaCl 

a t  27OoC the f i l m  on the  i r r a d i a t e d  area s predominant ly (100); and (4) 

E i e c t r o n  bombardment o f  a t h i n  Au i i i m  deposi ted on a i r -  o r  vacuum-cieaved 

NaCl produces e p i t a x i a l  NaAu2 (Fig. 4 ) .  

Recent ly t h i s  

44 

I r r a d i a t i o n  was done 

The f o l l o w i n g  e f f e c t s  a r e  

( 1 )  Roughening o f  the a l k a l  i ha1 ide  su r face  e i t h e r  by l o c a l l y  
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These experiments i n d i c a t e  tha t  e l e c t r o n  boilibardment produces nucle- 

a t i o n  s i t e s  and f r e e  a l k a l i  which have considerable i n f l u e n c e  on t h e  f i l m  

format i o n  process. 

V I  I I. D I S C U S S I O N  AND SUMMARY 

I n  the  preceding sec t i ons  we have descr ibed a number o f  d r a s t  

o r i e n t a t i o n  changes caused by i m p u r i t i e s .  The i m p u r i t i e s  f requent  

t o  e p i t a x y  under c o n d i t i o n s  which would produce ( 1 1 1 )  on the  c lean  

c f i l m  

y lead 

su r f ace. 

Examples a r e  (1) t he  i n f l u e n c e  of i m p u r i t i e s  i n  the  sur face l a y e r  (formed 

by a i r  o r  water vapor exposure) on t h e  growth o f  Au and Ag on N a C l ,  (2) 

the i n f l u e n c e  o f  t h e  res idua l  gas present  du r ing  d e p o s i t i o n  on the  growth 

o f  Cu, Ag, and Au f i l m s  on N a C l ,  and ( 3 )  t he  i n f l u e n c e  o f  a l k a l i  i o n  and 

e l e c t r o n  bombardment on the growth o f  Au on NaCl. However, i m p u r i t i e s  do 

not always cause a t r a n s i t i o n  f r o m  a ( 1 1 1 )  t o  e p i t a x y  as demonstrated by 

the  i n f l u e n c e  o f  Ca doping on the growth o f  Au on a i r - c ? e a v e d  NaCl. 

I m p u r i t i e s  i n f l u e n c e  both the n u c l e a t i o n  and the coalescence process. 

I n  the  n u c l e a t i o n  process i t  i s  mainly the  p a r t i c l e  number which i s  i n -  

creased w i t h  u s u a l l y  minor changes i n  the p a r t i c l e  o r i e n t a t i o n .  Dur ing 

coalescence the  change i n  p a r t i c l e  o r i e n t a t i o n  - is--sometimes s t r o n g l y - -  

mod i f i ed  by i m p u r i t i e s .  

I t  i s  d i f f i c u l t  a t  t h e  present t ime t o  se e c t  the bas i c  parameters 

t h a t  a re  i n f l uenced  most by s p e c i f i c  i m p u r i t i e s .  \Je have t o  consider  the  

f o l l o w i n g :  

beam, ( 2 )  t h e  heat o f  adso rp t i on  AH,, ( 3 )  t he  a c t i v a t i o n  energy f o r  su r face  

( 1 )  the thermal accommodation c o e f f i c i e n t  a o f  t h e  h o t  vapor 

d i f f u s i o n  A H d ,  (4)  t h e  absolute va lue  and o r i e n t a t i o n  dependence o f  t he  

b i n d i n g  energy of  atomic c l u s t e r s ,  (5 )  the i n t e r f a c i a l  energy between f i l m  



c r y s t a l  and subs t ra te ,  (6) the  absolute va lue  and an iso t ropy  o f  the  su r face  

energy u o f  the f i l m  c r y s t a l ,  (7)  the sur face  energ ies Q o f  t h e  sub- 

s t r a t e ,  and (8) t h e  de fec t  nature,  dens i t y ,  and d i s t r i b u t i o n  on the  subs t ra te  

surface. There i s  l i t t l e  doubt that  a l l  of these parameters except perhaps 

a can be changed cons iderab ly  by i m p u r i t i e s .  

the i n f l uence  o f  i n d i v i d u a l  parameters d i f f i c u l t .  I n  o rde r  t o  o b t a i n  a 

r e l i a b l e  understanding o f  t h e  elementary processes invo lved i n  the  i n f l u -  

ence o f  i m p u r i t i e s  on t h e  f i l m  growth we have t o  know much more about t h e  

impur i t y  i n f l uence  on t h e  i n d i v i d u a l  parameters, f o r  example: ( 1 )  t h e  

i n f l uence  of a l k a l i s  on t h e  an iso t ropy  o f  the  sur face energy o f  Au, (2) the 

change o f  the su r face  energy o f  f .c.c.  metals by adsorp t ion  o f  H,O, CG,, o r  

o t h e r  gases, and (3) t h e  chemical coniposi t ion o f  a i r -exposed a l k a l i  ha1 i d e  

surfaces. With t h i s  knowledge and the  use o f  c o n t r o l l e d  i m p u r i t i e s ,  we 

should then be a b l e  t o  separate the i n f l uence  o f  i m p u r i t i e s  on o t h e r  parame- 

t e r s  such as AH 

t h i n  f i l m s .  

h k l  S 

T h i s  makes t h e  separa t ion  o f  

o r  AHd by d e t a i l e d  q u a n t i t a t i v e  s tud ies  o f  the  growth of 
a 

I n  conclus ion,  we have demonstrated (1) t h a t  s p e c i f i c  i m p u r i t i e s  p ro-  

duce s p e c i f i c  changes i n  t h e  format ion processes o f  t h i n  f i l m s ,  and (2) 

t h a t  most o f  t h e  e x i s t i n g  d iscrepancies can be e l im ina ted  i f  these i m p u r i t y  

e f f e c t s  a r e  p r o p e r l y  taken i n to  account. 

Th i s  work was supported i n  p a r t  by NASA Contract  No. R-05-030-001. 
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F I GURE CAPT IOlJS 

0 

Fig .  1. Au f i l m  % 5 A t h i c k ,  deposi ted on a i r - c leaved  sur faces o f  Ca-doped 

(.2 mole percent)  and undoped NaCl, (p = 2*10-* ,  r % .5 W/sec, 

T = 340°C). (a) TED-doped subs t ra te ,  (b) corresponding TEM, X30,000, 

(c) TED-undoped subs t ra te ,  (d)  corresponding TEM, X 3 0 , O O O .  

F i g .  2. Au f i l m  % 5 1 th ick ,  deposi ted on NaCl, (p = 2*10'6, r = .5 A/sec, 

T = 330°C). (a) TED a i r -c leaved sur face,  (b) corresponding TEM, 

X30,000, (c) TED vacuum-cleaved sur face,  (d) corresponding TEM, 

X30,OOO. 

Fig .  3 .  Au deposi ted s imultaneously on NaCl, w i t h  and w i t h o u t  -2.5 kV screen 

i n  vapor pa th  (p = 4.10'9, r = .l h s e c ,  T 

screen, (b)  corresponding TEH, X30,000, (c)  TED w i t h o u t  screen, 

(d) corresponding TEM, X30,OOO. 

25OoC, (a) TED w i t h  

Fig .  4 .  UHV-RHEED pa t te rns  showing t h e  development o f  (100) NaAu, by e l e c t r o n  

bontbardrr:ent o f  a t h i n  Au f i l m  a t  330°C. (a) (100) Au w i t h  NaCl 

s t r e a k  p a t t e r n ,  (b) f i r s t  NaAug spots,  (c) i n tense NaAu, p a t t e r n ,  

< l l O >  azimuth, (d) <loo> az imuth IJaAu, pa t te rn .  



TABLE I 
Residual Gas Composition 

Unbaked System Baked System 
Mass No. Total Press. = 3.3~10-~ Total Press. = 3.3*10’10 

2 

16 

17 

18 

28 

44 

9 

3 

16 

60 

3 

2 

43 

5 

< .5 

< .5 

34 

15 

Typical relative peak heights o f  the residual gas with mass numbers 

less than 50 in an ion-pumped all stainless steel system. Measured 

by a Varian Quadrupole RGA. Several mass numbers (1, 4, 12, 13, 14, 

15, 20, 22, 26, and 32) were detected in the unbaked system with 

relative peak height <1. 
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